SELMAN A. WAKSMAN aqueous solution of streptothricin. The active solution may be further concentrated by evaporation at reduced pressure.
Although the original culture of A. kavendulae isolated from the soil in 1915
is still available in the culture collection, some of its cultural characteristics have become changed to a considerable extent, so that the culture now differs from its original description. On careful testing, this culture was found to possess antagonistic properties, but only to a very limited extent; it was largely active against various gram-positive spore-forming bacteria. Considerable difficulty in obtaining the active substance has been experienced by various investigators to whom cultures of streptothricin-producing strains of A. lavendulae have been submitted. Because of this and also because of the paucity of information concerning the best methods for culturing actinomycetes as well as of their physiological properties, the following investigations were undertaken. The primary purpose was to establish the optimum conditions for the production of streptothricin, the relation of this substance to the growth and physiology of the organism, strain variation and its formation by related organisms, and the mechanism of its production.3 EXPERIMENTAL.
Methods
Actitnomyce8 lavendulae is capable of producing streptothricin only when grown in very shallow layers in stationary cultures, ,the presence of abundant oxygen being essential to this process. A culture medium consisting of 10 grams anhydrous glucose (or starch), 5 gm. protein digest, 0.5 gm. K2HPO4, 0.5 gm. NaCl, and 0.1 gm. FeSO4, and 1000 ml. tap water, is inoculated with the lavender to rose-lavender colored spores of the organism grown on synthetic (glucoseasparagine) agar for 5-10 days, at 280. When the inoculated spores drop to the bottom of this medium, they germinate and grow there into colonies, but do not give rise to a surface pellicle or produce only a ring on the surface along the glass; under these conditions only a little streptothricin is produced. The addition of 0.25 per cent agar to the medium was found to overcome this diffi culty; however, the presence of agar makes the process of filtration of the cultures and the extraction of the active material rather cumbersome. Woodruff and Foster (1943) . A comparison has, therefore, been made of the production of streptothricin in stationary and in shaken cultures.
The antibiotic activity of streptothricin was measured by the agar plate- ' The results presented in this paper and those of Woodruff and Foster presented elsewhere (1943) may be considered as supplementing one another, since they were carried out with the same organism, but in different laboratories. dilution method, using several test organisms (Waksman and Woodruff, 1942b) . The results are reported in terms of dilution units, as expressed by the ratio of the volume of test medium used (10 ml. agar) to the amount of culture required to give complete inhibition of the test organism. If partial inhibition was obtained in one dilution and complete inhibition in the next lower dilution, the end point was interpolated between these two dilutions. It has been pointed out elsewhere (Waksman and Homing, 1943) Influence of nutrition of the organism upon the production of streptothricin In view of the importance of the carbon and nitrogen sources in the growth of A. kavendulae and in the production of the streptothricin, the results of several typical experiments are reported here. and directly assimilated by the organism, or it was broken down to compounds not readily demonstrated, or the sugar was consumed as soon as formed. Only limited acid production by the organism was demonstrated in the above media. A comparison of the three best carbon sources, with tryptone (0.5 per cent) as the source of nitrogen, upon the production of streptothricin in shaken and in stationary cultures, is brought out in figure 2. The shaken cultures gave much greater activity in a shorter period of time.
A detailed study of the growth of the organism, as measured by dry weight of mycelium and production of streptothricin, using shaken cultures, pointed to a correlation between the two, as illustrated in figure 3 . This parallelism tends to indicate that the formation of the antibiotic substance is a function of the growing organism, under favorable conditions, and not of the autolyzing cells. Influence of aeration upon the production of streptothricin Among the various factors influencing the formation of streptothricin, none is more important, in addition to the essential nutrients, than the air supply. This is illustrated by the following experiment. Different volu-mes of the starch-glycine agar-free medium were placed in 1 liter Erlenmeyer flasks, so as to obtain varying depths of medium. The fasks were inoculated with a spore suspension of an active strain of the organism and incubated under identical conditions, in a stationary state. The antibiotic activity of the cultures was measured after varying periods of incubation (table 3 ). An inverse proportion was obtained between the volume of the medium in the flask and the production of streptothricin. The shallowest layer, 100 ml. per liter flask, gave as high activity as that obtained in shaken cultures using the same medium.
Various other surfaces, such as cotton, paper, peat and straw, were compared for the growth of A. tavendulae and for the production of the streptothricin. A detailed study of the effect of reaction upon the growth of A. lavendulae and the production of streptothricin in tryptone-starch medium brought out the surprising fact that variations in pH of the original culture between 5.0 and 7.5 had very little effect. In the more acid cultures, there was a gradual increase in the pH value with the growth of the organism, due to the production of ammonia from the tryptone; in the media with the less acid reactions, there was at first a decrease in pH value, soon followed by an increase.
The addition of yeast extract to the standard tryptone-starch medium either had no effect at all or suppressed streptothricin production.
Correlation between growth of A. lavendulae and the production of 8treptothricin Attention has been directed above to the close correlation between the growth of the organism and the production of streptothricin. The results of another experiment, reported in table 5, show that in stationary as well as in shaken cultures, with tryptone or with glycine as sources of nitrogen, growth and activity reached a maximum and then declined, the maximum for the first preceding somewhat that of the second. Since the nitrogen in the dry mycelium varied between 7 and 9 per cent, growth may be expressed by the dry weight of the mycelium or by its nitrogen content. One must, therefore, conclude that the production of streptothricin is not a result of autolysis of the mycelium but is due to cell nutrition or to cell synthesis. This renders the mechanism of the production of this substance distinct from that of tyrothricin, for example, which is a result of autolysis of the bacterial cells, or of penicillin, which is produced at a much later stage of growth of the organism, namely, when it reaches an alkaline reaction. The efficiency of utilization of the carbon and the nitrogen by A. lavendulae is very high. At the maximum growth stage, 65 per cent of the nitrogen in the glycine added to the medium became converted into actinomyces cell substance. Since as much as 330-350 mg. of mycelial growth was obtained from 1 gm. of raw starch, the efficiency of utilization of the carbon, considering the carbon content of the starch as well as of the glycine, is about 40 per cent.
Bacteriostatic spectrum of streptothricin It has already been demonstrated (Waksman and Woodruff, 1942) , by the use of crude culture filtrate as well as concentrated crude preparations, that streptothricin has a selective bacteriostatic effect against both gram-negative and grampositive bacteria. Additional results are reported here, using a salt-free, purified streptothricin preparation (table 6); these results are definitely similar to those presented previously. The selective action is very striking. B. subtilis is by far the most sensitive organism to the action of streptothricin, Bacillus mycoides and BaciUus cereus are less sensitive than most gram-negative bacteria. The same is true of the variation among the gram-negative bacteria, as illustrated by the two extremes, namely Shigella gallinarum and Pseudomornas fluorescens.
Whereas Sarcina lutea is about as sensitive to streptothricin as E. coli, the ratio in sensitivity between the two against actinomycin is about 10,000:1. certain gram-positive and gram-negative bacteria. It has been isolated in a concentrated form, although it has not been crystallized as yet.
The presence of certain amino acids or a mixture of amino acids (polypeptides) in the medium is favorable to the formation of streptothricin. Although the organism grows well with NaNO3 as a source of nitrogen, it produces little of the antibiotic substance. One may, therefore, conclude that streptothricin is largely formed from one or more of the amino acids. The fact that larger amounts of the active substance are produced in the presence of an additional carbohydrate, such as starch, maltose or glucose, does not detract from this conclusion. The carbohydrate may serve only as a nutrient for cell synthesis, whereas the nitrogen source contributes to the formation of streptothricin. The direct parallelism between the growth of the organism and the production of the substance serves to substantiate this theory.
Aerobic conditions are absolutely essential to the production of streptothricin. The results presented in this paper amply justify this conclusion. In spite of the fact that the organism may produce in stationary cultures a mass of growth on the bottom of the flask, comparatively little streptothricin is produced if no pellicle is formed.
Acid conditions of the medium do not interfere with the production of streptothricin; this may possibly be due to its basic character, since this substance forms salts readily and is isolated by removal in an acid solution. Several actinomycetes were found to produce an antibiotic substance which was, on the basis of its selective antibacterial action, similar to streptothricin. It is not known as yet whether the differences observed in the production of this agent by the different organisms are rather quantitative in nature or whether there is actually a chemical difference in the nature of the substance produced by the various organisms. SUMMARY Different strains of Actinomyces klvendulae isolated from soil, dust or an active mother culture were found to vary in their ability to produce the antibiotic substance streptothricin.
The formation and accumulation of streptothricin is largely controlled by the conditions of nutrition of the organism and the aeration of the culture.
Streptothricin is formed largely when a protein digest or certain amino acids, namely, glutamic acid, glycine or asparagine, are used as sources of nitrogen. When glucose is used as the additional carbon source, a small amount of agar (0.25 per cent) was found to favor the growth of the organism and results in the maximum production of streptothricin. When starch is used in place of glucose, no agar is required. The starch is consumed rapidly, but no reducing sugar could be demonstrated.
Supplementary additions of yeast extract and similar materials had an injurious effect upon the production of streptothricin in stationary cultures.
Aeration was found to be one of the most essential factors in the production of streptothricin. Either very shallow layers must be used or the culture must be
